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Abstract The objective of this study was to assess
genotype by environment interaction for seed yield in
rapeseed cultivars grown in West Poland by the additive
main effects and multiplicative interaction model. The
study comprised 25 rapeseed genotypes (15 F1 CMS
ogura hybrids, their parental lines and two varieties:
Californium and Hercules F1), analyzed in five localities
through field trials arranged in a randomized complete
block design, with four replicates. Seed yield of the
tested genotypes varied from 15.9 to 80.99 dt/ha
throughout the five environments/localities, with an
average of 39.69 dt/ha. In the variance analysis,
69.82 % of the total yield variation was explained by
environment, 13.67 % by differences between geno-
types, and 8.15 % by genotype by environment inter-
action. Seed yield is highly influenced by environmental
factors. Due to high influence of the environment on
yield high adaptability of the genome is required.
Keywords Adaptability  Biplot  Brassica napus 
Seed yield  Stability
Introduction
Oilseed rape (Brassica napus L.) is the most important
oil seeds and oil meal (protein source) plant species in
the countries with moderate climate, especially in the
European Union (EU). In 2013, winter oilseed rape
(canola, rapeseed) as the basic oilseed crop in Euro-
pean Union was grown over a total area of 6.7 M ha
with the annual production of 21.0 Mt (FAOSTAT
2015, hhtp://faostat3.fao.org). The major producers of
rapeseed in the EU (2013) were: France, Germany and
Poland, and in the worldwide—Canada, China, India
and Australia. Since the introduction, in the 90s,
twentieth century double low oilseed rape cultivars—
‘‘zero’’ erucic acid and low glucosinolate content the
growing area systematically increase, and the global
production of rapeseed has tripled. Today, erucic acid-
free rapeseed oil with a balanced fatty acid composi-
tion is considered optimal for nutritional purposes
(salad oil, margarine), and for non-food purposes:
biofuel production, tensides for detergent, biodegrad-
able plastics and hydraulic oils (Friedt et al. 2007). The
meal from oilseed rape after oil extraction also
K. Nowosad
Department of Genetics, Plant Breeding and Seed
Production, Wroclaw University of Environmental and
Life Sciences, Grunwaldzki 24A, 53-363 Wrocław,
Poland
A. Liersch  W. Popławska
Department of Oilseed Crops, Plant Breeding and
Acclimatization Institute – National Research Institute,
Strzeszyn´ska 36, 60-479 Poznan´, Poland
J. Bocianowski (&)
Department of Mathematical and Statistical Methods,






provides a protein-rich animal meal for all livestock
and compounds of meal (Wittkop et al. 2009).
The profitability of oilseed rape products food and
non-food depends on yielding capacity. Significant
increase of production of oilseed rape can be achieve
through increase of growing area or introducing high
yield open-pollinated and hybrid varieties into pro-
duction (Bartkowiak-Broda and Ogrodowczyk 2007).
The yield potential of hybrid cultivars was reported at
the level of 15 % above those of open-pollinated
varieties. More than 50 % of the German oilseed rape
growing area in 2007/2008 was planted with hybrid
varieties and a trend that is reflected in all of the major
growing areas for oilseed rape worldwide (Wittkop
et al. 2009).
Seed yield is a very complex quantitative trait,
which expression is the result of genotype, environ-
ment and the genotype 9 environment interaction.
Complexity of this traits is a results different reactions
of genotypes on changeable environmental conditions
during plant development. Many breeders have under-
stood the importance of genotype 9 environment
interactions in plant breeding programme for a long
time (Allard and Bradshaw 1964; Engqvist and Becker
1993). O¨zer et al. (1999), Sidlauskas and Bernotas
(2003) reported that seed yield is one of the main yield
components, which is greatly influenced by genotype,
environment and complex genotype–environment
interactions. Also Bocianowski et al. (2011) indicated
that the main effects of cultivar and location were
significant for yield and the traits directly influencing
the quantity of seed yield. When field trials are carried
out in different agroecological conditions, usually
80 % of yield variation is caused by environment,
while genotype and genotype by environment inter-
action cause 10 % of variation each (Yan 2001). Ali
et al. (2003) demonstrated also highly significant and
positive correlations of seed yield with harvest index
and seed weight. In crop production, yield stability is
considered the most important socioeconomic cate-
gory, especially in extreme environmental conditions
(Piepho 1998; Ceccareli 1994). Therefore, it is funda-
mental to grow stable oilseed rape cultivars with good
seed and oil yields in diverse agroecological condi-
tions (Moghaddam and Pourdad 2011). Moreover, the
results obtained in different study suggested that F1
rapeseed hybrids display a comparatively higher
adaptation ability to adverse soil and climatic condi-
tions than open-pollinating lines, besides their high
yielding potential in general (Friedt et al. 2003; Seyis
et al. 2006; Gehringer et al. 2007).
In field crop trials, this interaction is often analyzed
by the additive main effects and multiplicative interac-
tion (AMMI) model. This model was originally devel-
oped for analysis in social sciences and physics (Mandel
1961, 1969, 1971; Gollob 1968), and later adjusted for
research in plant sciences (Gauch 1988, 1992; Cornelius
1993). The AMMI model is a combines the analysis of
variance (ANOVA) with additive parameters and the
principal component analysis (PCA) with multiplica-
tive parameters in a single analysis. The AMMI biplot
graphic display simultaneously both main and interac-
tion effects for genotypes and environments, and
enables a single analysis of the genotype by environ-
ment interaction. The AMMI is, therefore, also known
as interaction PCA (Gauch and Zobel 1990), and can
have several models: AMMI0, which estimates the
additive main effect of genotypes and environments,
and does not include any principal component axis
(IPCA); AMMI1, which combines the additive main
effects from AMMI0 with the genotype by environment
interaction effects estimated from the first principal
component axis (IPCA 1); AMMI2, and so forth, until
the full model with all IPCA axis (Gauch 1988).
The objective of this study was to assess genotype
by environment interaction for seed yield in oilseed
rape grown in West Poland by the additive main
effects and multiplicative interaction model.
Materials and methods
Plant material for field trials consisted of 25 winter
rapeseed genotypes (Californium—open pollinated vari-
ety, Hercules F1—hybrid variety; five restorer lines for
Ogura system (Rfo): PN05, PN07, PN17, PN18, PN21,
three CMS ogura lines: PN64, PN66, PN68, and 15
hybrids: PN64 9 PN17, PN64 9 PN18, PN64 9
PN21, PN64 9 PN05, PN64 9 PN07, PN66 9 PN17,
PN66 9 PN18, PN66 9 PN21, PN66 9 PN05, PN66 9
PN07, PN68 9 PN17, PN68 9 PN18, PN68 9
PN21, PN68 9 PN05, PN68 9 PN07). Hybrids and
their parental lines were selected from the rapeseed
breeding program of the Plant Breeding and Acclima-
tization Institute – National Research Institute, Poz-
nan´, Poland.
The study was carried out during five locations:
Ba˛ko´w (E1), Borowo (E2), Łagiewniki (E3),
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Małyszyn (E4) and Ziele˛cin (E5) (Table 1). The field
trials at all locations were arranged in a randomized
complete block design, with four replicates. Each
genotype was grown in a four row plot of 10.0 m2
(Borowo and Ba˛ko´w), 12.0 m2 (Ziele˛cin), 9.6 m2
(Łagiewniki) and 11.2 m2 (Małyszyn) with a 0.30 row
distance and a sowing density of 80 seeds/m2.
Agricultural practices were optimal for local agroe-
cological conditions in all investigated locations. Plots
were harvested using a plot harvester. The field
experiment was conducted on typical brown soil
(E3, E4, E5) of quality class ranged from IIIa in E3 to
IVb in E4 and grey-brown podzolic soil (E1, E2) of
quality class IIIa in E1 and IIIB in E2. The topsoil was
slightly acidic and ranged from pH 5.7 (E4) to 6.5
(E2). The previous crops were spring barley (E1, E2,
E5), spring wheat (E3) and spring triticale (E4).
Complex of agricultural usefulness were good rye in
E1, E2, E4, E5 and good wheat in E3. In crop seasons
2007/2007, 2007/2008 and 2008/2009, weather con-
ditions were normal for Poland. In 2007, frost
occurred during flowering period of winter oilseed
rape in Borowo. In 2008, however, abiotic stress
occurred, caused by drought, during summer in 2008
in Ba˛ko´w (germination and sprouting of winter oilseed
rape). The sum of rainfall in critical period in autumn
(92 mm) was markedly lower when compared with the
same period 1957–2009 (128 mm). At the same time
some frost damage was observed after the winter.
Moreover, just before harvest in July 2009, was the
hailstorm. The sum of rainfall was higher (265 mm)
when compared with the average rainfall for the period
1957–2009 (212 mm) (Tables 2, 3).
Total grain yield were measured in dt per hectare (dt/
ha) adjusted to 91 % dry matter. A two-way fixed effect
model was fitted to determine the magnitude of the
main effects of variation and their interaction on seed
yield. Least–squares means were simultaneously pro-
duced for the AMMI model. Genotype main effect (G),
environment main effect (E) and genotype by environ-
ment (GE) interaction were analyzed by the AMMI
model (Gauch and Zobel 1990), represented by:




in which yge is the yield mean of genotype g in
environment e, l is the grand mean, ag are the
genotypic mean deviations (means minus grand
mean), be are the environmental mean deviations,
N is the number of PCA axis retained in the adjusted
model, kn is the singular value for PCA axis n, cgn is
the genotype eigenvector for PCA axis n, den is the
environment eigenvector for PCA axis n, Qge are the
residuals, including AMMI noise and pooled experi-
mental error. Expected distribution of Qge is normal.
The PCA analysis level of significance was tested
with the F test according to Gollob (1968). In the
biplot, which is the easiest way to represent the
AMMI1 model, genotype by environment interactions
are placed on the vertical axis (IPCA 1), while
genotype and environment averages are placed on
the horizontal axis. Applied analysis procedures, as
well as the interpretation of results, were based on the
protocol by Gauch and Zobel (1990). For the AMMI
analysis, statistical package GenStat v. 17 was used.
Results and discussion
Effect of environmental conditions on biological and
commercial traits of oilseed rape is very significant. The
results of field trials demonstrated the impact of weather
conditions (especially influence of temperature and
precipitation in development of plants- germination,
overwintering, flowering and level of seed yield),
environment and genotypes on the seed yield of winter
oilseed rape cultivars and lines. Unpredictable weather
Table 1 Environments used in the study and their main characteristics
Environment Year Longitude (E) Latitude (N) Soil quality class Soil pH Previous crop
Ba˛ko´w (E1) 2008/2009 181804500 505705800 IIIa 6.1 Spring barley
Borowo (E2) 2006/2007 164701900 520701200 IIIb 6.5 Spring barley
Łagiewniki (E3) 2007/2008 171401300 514504000 IIIa 6.4 Spring wheat
Małyszyn (E4) 2008/2009 183703100 511404200 IVb 5.7 Spring triticale
Ziele˛cin (E5) 2007/2008 162205600 521001900 IVa 6.2 Spring barley
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events have created a provocative experience condi-
tions that influenced the development of plant and seed
yield. Seed yield of the tested genotypes varied from
15.9 to 80.99 dt/ha throughout the five seasons, with an
average of 39.69 dt/ha (Table 4). The PN7 (G25) line
had the highest average yield, and the line PN18 (G04)
had the lowest. The average yield per location also
varied from 25.15 dt/ha, in Borowo, to 60.53 dt/ha in
Małyszyn. All tested genotypes had the highest average
yield in Małyszyn. During 2006–2009, wheather
conditions were typical for Poland. However, in 2007
and 2009 there were strong abiotic stresses caused by a
ground frost during flowering period in 2007 (April,
May in Borowo) and frost damage in winter 2008/2009
and hailstorm just before harvest of winter oilseed rape
in summer 2009 in Ba˛ko´w.
The three sources of variation were highly signifi-
cant. In the analysis of variance, the sum of squares for
environment main effect represented 69.82 % of the
total, and this factor had the highest effect on seed yield
(Table 5). The differences between genotypes
explained 13.67 % of the total yield variation, while
the effects of GE interaction explained 8.15 %. Values
for the three principal components were also highly
significant. The three principal components of GE
interaction accounted jointly for 93.75 % of the whole
Table 2 Soil characteristics in the five trial locations—in crop seasons 2006/2007, 2007/2008 and 2008/2009
Soil characteristics Ba˛ko´w Borowo Łagiewniki Małyszyn Ziele˛cin


















Good rye Good rye Good wheat Good rye Good rye
Table 3 Meteorological conditions in Ba˛ko´w, Borowo, Łagiewniki, Małyszyn and Ziele˛cin during the vegetation season of winter
oilseed rape in 2006/2007–2008/2009 and over an extended period






















Annual 7.2 6.8 11.8 8.8 9.6 8.5 9.2 8.5 10.5 8.9
Critical season of autumna 7.3 6.4 11.9 8 8.2 9.6 9 9.4 8.8 9.7
Of the coldest month of winter -4.5/I -2.8/I 2.1/II -1.7/I 1.0/XII -1.5/I -2.0/I -1.1/I 1.7/XII -1.1/I
Critical season of springc 13.4 13.1 17.2 14.9 15.1 14.3 15.5 13.8 16.2 14.6
Sum of precipitation (mm)
In whole year 731 661 681 538 419 559 588 586 514 594
In critical season of autumna 92 128 90 103 62 101 155 101 93 105
In critical season of winterb 207 186 174 141 147 157 112 150 231 173
In critical season of springc 265 212 167 177 97 191 109 218 143 204
Precipitation in % of a many years background
In whole year 111 100 126 100 75 100 100 100 87 100
In critical season of autumna 72 100 87 100 61 100 153 100 89 100
In critical season of winterb 111 100 123 100 94 100 75 100 134 100
In critical season of springc 125 100 94 100 50 100 50 100 70 100
a Months: September, October, first and second decades of November
b Months: third decade of November, December, January, February and March
c Months: April, May, June and first decade of July
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effect it had on the variation of seed yield. The first
principal component (IPCA 1) accounted for 64.77 %
of the variation caused by interaction, while IPCA 2
and IPCA 3 accounted for 16.45 and 12.53 %, respec-
tively. The obtained lines have the best adaptability to
the environmental conditions for which they were bred,
which explains why 69.82 % of the variation in seed
yield data was due to the main effects of locations.
Traditional, statistical methods (ANOVA, PCA and
linear regression) are often not effective for under-
standing and evaluating complex data from multi-
environments yield trails. In contrast to the standard
statistical analyses, AMMI incorporates ANOVA and
PCA into a single model and enables simple visual
interpretation of the GE interaction. AMMI model is
usually constructed from the first two IPCA axes.
Measuring GE interaction is very important to deter-
mine an optimum breeding strategy for releasing
genotypes with an adequate adaptation to target
environments (Fox et al. 1997). Among the tested
genotypes, the line PN7 had the highest IPCA 1 value
of 2.52, while the highest value of IPCA 1 was 3.39 in
Małyszyn (Fig. 1).
The clustering of some of the tested genotypes
according to their IPCA 1 values and average yield on
biplot (Fig. 1) also explains their similarities in yield
Table 4 Average seed yield (dt/ha), for genotypes and environments, and principal component analysis values of tested rapeseed
(Brassica napus L.) lines
Genotype Code E1 E2 E3 E4 E5 Mean IPCA 1 IPCA 2 IPCA 3
Californium G01 24.94 17.15 33.68 52.45 39.79 33.60 -0.58 0.76 0.72
Hercules F1 G02 24.06 16.45 32.16 49.9 32.71 31.06 -1.14 0.74 -0.19
PN17 G03 25.97 20.00 34.46 41.12 31.46 30.60 -2.32 -0.58 0.39
PN18 G04 22.51 20.85 38.32 42.52 26.66 30.17 -2.20 -1.25 -1.12
PN21 G05 25.81 20.35 37.27 45.67 36.56 33.13 -1.60 -0.52 0.57
PN05 G06 30.61 15.90 30.36 45.63 36.14 31.73 -1.93 1.25 1.35
PN64 G07 27.35 23.05 31.60 52.16 33.65 33.56 -1.53 0.71 -0.30
PN64 9 PN17 G08 27.17 16.32 28.98 56.32 32.5 32.26 -0.94 2.16 -0.60
PN64 9 PN18 G09 22.81 25.25 42.08 61.12 47.39 39.73 0.52 -0.43 0.14
PN64 9 PN21 G10 20.99 22.93 41.42 73.48 52.70 42.30 2.21 0.92 -0.26
PN64 9 PN05 G11 28.45 29.43 45.53 65.46 52.29 44.23 0.43 -0.17 0.37
PN64 9 PN07 G12 29.16 30.52 40.82 59.27 52.39 42.43 -0.20 -0.40 1.47
PN66 G13 25.77 24.40 44.09 63.81 53.23 42.26 0.86 0.00 0.89
PN66 9 PN17 G14 26.65 23.88 41.06 70.27 55.10 43.39 1.46 1.14 0.78
PN66 9 PN18 G15 22.92 25.85 41.45 67.68 50.31 41.64 1.23 0.24 -0.04
PN66 9 PN21 G16 29.87 32.95 44.08 61.89 51.45 44.05 -0.23 -0.61 0.70
PN66 9 PN05 G17 24.88 32.70 43.19 63.14 47.81 42.35 0.17 -0.89 -0.24
PN66 9 PN07 G18 22.88 30.45 46.17 63.17 50.72 42.68 0.68 -1.24 0.05
PN68 G19 25.80 24.77 47.15 65.2 48.22 42.23 0.62 -0.11 -0.44
PN68 9 PN17 G20 24.77 30.2 44.64 61.96 50.41 42.40 0.37 -0.96 0.33
PN68 9 PN18 G21 24.85 25.55 47.32 71.88 46.77 43.27 1.15 0.42 -1.56
PN68 9 PN21 G22 26.72 26.75 45.00 66.97 45.21 42.13 0.38 0.25 -1.06
PN68 9 PN05 G23 30.96 28.95 46.82 67.37 40.21 42.86 -0.47 0.47 -2.08
PN68 9 PN07 G24 22.69 33.70 49.86 63.71 50.00 43.99 0.55 -1.93 -0.54
PN07 G25 31.17 30.32 59.36 80.99 69.16 54.20 2.52 0.02 0.68
Mean 25.99 25.15 41.47 60.53 45.31 39.69
IPCA 1 -4.29 -1.79 -0.04 3.39 2.72
IPCA 2 2.46 -2.22 -2.09 2.21 -0.36
IPCA 3 0.69 -0.52 -1.40 -2.06 3.30
IPCA, principal component of interaction
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per plant variations (Shafii et al. 1992). In general,
environments with scores near zero have little inter-
action across genotypes and provide low discrimina-
tion among genotypes (Anandan et al. 2009); however,
in this study, this pattern was not observed in any of
the locations.
Genotype stability is considered as non significant
reaction to changing environmental conditions, agro-
nomic factors, weather conditions, biotic and abiotic
stresses. In this study, climatic conditions were the
source of this variation component. The stability of
tested genotypes can be evaluated according to biplot
for seed yield (Fig. 2). Experimental lines interacted
differently with climate conditions in the observed
locations. The lines G01, G02, G03, G04, G05, G06,
G07, and G08 interacted positively with the E1 and E2
locations, but negatively with the E4 and E5 (Figs. 1, 2).
The lines G10, G14, G21, and G25 interacted
positively with the E4 and E5 locations, but negatively
with the E1 and E2 locations. The analysis showed that
some genotypes have high adaptation; however, most
of them have specific adaptability (Yan and Hunt
1998; Atanasova et al. 2009). The lines G16 and G17
had stable and high average seed yield, with the IPCA
1 value closest to zero. Similar IPCA 1 values were
found in the lines G12, G16, and G17. This kind of
genotype is considered highly desirable in rapeseed
breeding.
Table 5 Analysis of variance of main effects and interactions for rapeseed (Brassica napus L.) lines seed yield
Source of variation df Sum of squares Mean squares F Variability explained (%)
Replication 3 2267 756 3.03*** 1.82
Genotypes 24 16,996 708 31.34*** 13.67
Environments 4 86,811 21,703 143.62*** 69.82
GE interaction 96 10,134 106 4.67*** 8.15
IPCA 1 27 6564 243 10.76*** 64.77
IPCA 2 25 1667 67 2.95*** 16.45
IPCA 3 23 1270 55 2.44*** 12.53
IPCA, principal component of interaction
*** P\ 0.001
Fig. 1 Biplot for genotype
by environment interaction
of rapeseed (Brassica napus
L.) lines in five
environments, showing the
effects of primary and
secondary components
(IPCA 1 and IPCA 2,
respectively)
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Genotypes on the highest point in certain sections
of the graph have the best results in environments
located in the same section (Fig. 2) (Yan 2001). Line
G09, with average seed yield close to the general mean
of 39.69 dt/ha, is distinguished on the biplot. This line
had the highest stability. A group of lines: G11, G14,
G16, G21, G24, G25 had the highest averages of yield,
but with different adaptations (Figs. 1, 2): G25
showed specific adaptation to the conditions of
Małyszyn, G10 to Ziele˛cin, and G16 showed general
adaptation.
A graphically represented AMMI analysis enables
selection of stable and high-yielding cultivars for this
location, as well as cultivars with specific adaptability.
The AMMI analysis is adequate in characterizing
G 9 E interaction for seed yield in rapeseed. Mar-
inkovic´ et al. (2011) reached the same conclusion in
their study on sunflower under similar agroecological
conditions in Southeastern Europe.
The AMMI model was often used in study of many
species (Vargas et al. 1999; Hristov et al. 2010; Mehari
et al. 2015). Results obtained from such analyses are
very important for developing and recommending best
cultivars for production in a specific area, as a
selection criteria for further genetic improvements
and can enable objective estimation of experimental
genotypes and hence developing best possible
varieties for official testing by national registration
authorities (Mijic´ et al. 2007).
Conclusions
1. The genotype and environment main effects and
genotype by environment interaction effect were
significant for oilseed rape genotypes studied in
West Poland.
2. The line G25 is recommended for further inclu-
sion in the breeding program due to its high seed
yield, G09 is recommended because of its stability
and high seed yield.
3. In addition to standard and commonly used data
analysis techniques, biplot offer additional possi-
bilities, preferably in the part of visual displaying
and understanding of important interactions
which are omni-present in the datasets from seed
science research.
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Fig. 2 Biplot for the
primary component of
interaction (IPCA 1) and
average rapeseed (Brassica
napus L.) seed yield (dt/ha).
Vertical line at the centre of
biplot is the general grand
mean
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